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Summary
Lipid modifications such as palmitoylation or myris-
toylation target intracellular proteins to cell mem-
branes. Secreted ligands of the Hedgehog and Wnt
families are also palmitoylated; this modification,
which requires the related transmembrane acyltrans-
ferases Rasp and Porcupine, can enhance their secre-
tion, transport, or activity. We show here that rasp is
alsoessential for thedevelopmental functionsofSpitz,
a ligand for the Drosophila epidermal growth factor
receptor (EGFR). In cultured cells, Rasp promotes pal-
mitate addition to the N-terminal cysteine residue of
Spitz, and this cysteine is required for Spitz activity
in vivo. Palmitoylation reduces Spitz secretion and en-
hances itsplasmamembraneassociation, butdoesnot
alter its ability to activate the EGFR in vitro. In vivo,
overexpressedunpalmitoylatedSpitzhasan increased
range of action but reduced activity. These data sug-
gest a role for palmitoylation in restricting Spitz dif-
fusion, allowing its local concentration to reach the
threshold required for biological function.
Introduction
The epidermal growth factor receptor (EGFR) is required
for multiple developmental processes, including cell
fate specification, differentiation, proliferation, and sur-
vival (Shilo, 2003; Sternberg and Horvitz, 1991; Wong,
2003). The human EGFR homologs, ErbB1–4, are over-
expressed in a variety of cancers and play an important
role in tumor progression, making them the target of
numerous anticancer therapies (Hynes and Lane, 2005).
In Drosophila, three EGFR ligands, Spitz (Spi), Gurken
(Grk), and Keren (Krn), are produced as inactive trans-
membrane precursors that must be cleaved intramem-
branously by proteases of the Rhomboid family (Lee
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Urban et al., 2002). spi is required for normal develop-
ment of the embryo and the eye, wing, and leg imaginal
discs, while grk functions to establish the embryonic
body axes during oogenesis; the mutant phenotype
of krn has not yet been described (Shilo, 2003). A fourth
ligand, Vein, which resembles mammalian neuregulins,
does not undergo cleavage (Schnepp et al., 1996). Argos
is a secreted feedback inhibitor of the pathway which
acts by binding and sequestering Spi, preventing it
from activating the EGFR (Freeman et al., 1992; Golembo
et al., 1996; Klein et al., 2004). As a result, Spi acts
as a short-range ligand in vivo (Freeman, 1997; Shilo,
2003).
Palmitoylation is a common modification of intracellu-
lar proteins that influences their membrane association,
protein trafficking, and lipid raft targeting (Bijlmakers
and Marsh, 2003). However, few palmitoyltransferases
have been identified. It was recently shown that Porcu-
pine (Porc) and Rasp (also known as Sightless, Skinny
hedgehog, and Central missing), members of a family of
transmembrane proteins that act within the secretory
pathway, are necessary for the palmitoylation of pro-
teins of the Wnt and Hedgehog (Hh) families, respec-
tively (Amanai and Jiang, 2001; Chamoun et al., 2001;
Chen et al., 2004; Kadowaki et al., 1996; Lee and Treis-
man, 2001; Micchelli et al., 2002). Although this hydro-
phobic modification would be expected to decrease
solubility, palmitoylation is essential for the function of
these secreted morphogens (Amanai and Jiang, 2001;
Chamoun et al., 2001; Kadowaki et al., 1996; Lee et al.,
2001a; Lee and Treisman, 2001; Micchelli et al., 2002;
Willert et al., 2003; Zhai et al., 2004).
In the case of Drosophila Wingless (Wg), palmitoyla-
tion on an internal cysteine residue is required for its
lipid raft targeting, N-glycosylation in the endoplasmic
reticulum, and secretion (Kadowaki et al., 1996; Tanaka
et al., 2002; Willert et al., 2003; Zhai et al., 2004). In con-
trast, unpalmitoylated mouse Wnt3a can be secreted
normally from 293 cells, but fails to promote b-catenin
accumulation in target cells (Willert et al., 2003). Hh pro-
teins carry a C-terminal cholesterol modification in addi-
tion to the N-terminal palmitate group; either modifica-
tion suffices for lipid raft targeting, and acylation is not
required for secretion (Chamoun et al., 2001; Chen et al.,
2004; Lee and Treisman, 2001; Porter et al., 1996). Both
Hh and Wg are packaged into large protein complexes
containing lipophorins that promote their long-range
transport, perhaps by interacting with heparan sulfate
proteoglycans (Chen et al., 2004; Gallet et al., 2003; Lin,
2004; Panakova et al., 2005). Palmitoylation of mouse
Sonic hedgehog (Shh), but only cholesterol modification
of Drosophila Hh, is required for association with these
complexes and therefore for long-range signaling in
vivo (Chen et al., 2004; Gallet et al., 2003). Drosophila
Hh requires palmitoylation for its activity rather than its
transport; membrane-tethered Hh-CD2 is inactive in a
rasp mutant background, and unpalmitoylated Hh is in-
active in a cell-based assay that does not require trans-
port (Chamoun et al., 2001).
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ification, also promotes palmitoylation of the EGFR li-
gand Spi on its N-terminal cysteine. rasp and the palmi-
toylation site are essential for Spi function in vivo and for
its retention at the plasma membrane; unpalmitoylated
Spi is more efficiently released from cells and activates
target gene expression more weakly over a longer range.
However, palmitoylation does not alter the ability of Spi
to bind to or activate the EGFR in vitro. We suggest that
in contrast to its role in enhancing long-range transport
of Shh, palmitoylation restricts the diffusion of Spi. This
would allow the local concentration of Spi to reach the
threshold level required for sufficient EGFR activation.
Results
rasp Is Required for Spi-Dependent
Photoreceptor Recruitment
Mutations in the Drosophila rasp gene have been shown
to disrupt processes that require Hh signaling, including
differentiation of photoreceptors in the eye disc (Amanai
and Jiang, 2001; Chamoun et al., 2001; Lee and Treis-
man, 2001; Micchelli et al., 2002). Activation of atonal
expression by Hh results in the differentiation of the
R8 photoreceptor, the first to form within each cluster
(Dominguez, 1999); differentiation of R1–R7 is then in-
duced by Spi secreted from R8 (Freeman, 1997). Al-
though no photoreceptors form in homozygous raspmu-
tant eye discs (Lee and Treisman, 2001) (see below), we
observed that R8 differentiation was normal in small
rasp mutant clones, indicating that the mutant cells
were rescued by Hh diffusion from surrounding wild-
type cells (Figures 1B and 1C). However, differentiation
of R1–R7 was defective in these clones (Figures 1A
and 1C).
To show that this phenotype was not an indirect con-
sequence of loss of Hh function, we activated the Hh
pathway downstream of the ligand by generating clones
lacking the inhibitory receptor Patched (Ptc). In a wild-
type background, ptc mutant clones in the anterior of
the eye disc differentiated ectopic photoreceptor clus-
ters (Figure 1D). In a rasp mutant background, however,
ptc mutant clones contained predominantly single
cells expressing the neuronal marker Elav, most of which
also expressed the R8-specific marker Senseless (Sens)
(Frankfort et al., 2001) (Figures 1E and 1F). Thus, even
when the Hh pathway is maximally active, rasp is re-
quired for the differentiation of photoreceptors other
than R8, a process mediated by Spi signaling through
the EGFR.
rasp Is Required for EGFR Functions in the Wing
Disc and Ovary
This result led us to test whether rasp was required for
additional EGFR-dependent events. Wing vein develop-
ment is induced by EGFR signaling, and in wild-type
wing discs the EGFR target gene argos is expressed
along the wing vein primordia (Gabay et al., 1997; Gui-
chard et al., 1999) (Figure 2A). rasp mutant wing discs
lacked argos expression (Figure 2B), and adult wings
that contained rasp mutant clones often had missing
wing veins at positions distant from the Hh-producing
cells (Figure 2C). However, rasp was not required for
Wg to induce differentiation of the wing margin sensilla,labeled by Sens expression (Figure 2B). rasp did not
affect all EGFR target genes; mirror (mirr), a target of
the neuregulin-related ligand Vein (Zecca and Struhl,
2002), was expressed normally in the notum primordia
of rasp mutant wing discs (Figures 2D and 2E).
Embryos lacking both maternal and zygotic rasp
failed to activate the Spi target genes fasciclin III and ar-
gos at the ventral midline (Golembo et al., 1996) (Figures
2F, 2G, 2I, and 2J). In addition, the eggshells of embryos
formed from rasp mutant germline clones were ventral-
ized, as shown by the fusion of the two dorsal append-
ages (Figures 2H and 2K). Dorsal follicle cell fates are in-
duced by Grk, an EGFR ligand produced in the oocyte
Figure 1. rasp Is Required for the Spi-Dependent Recruitment of
Photoreceptors R1–R7
All panels show third instar eye imaginal discs with anterior to the
left.
(A–C) raspT392 mutant clones marked by the absence of GFP (green
in [C]). Photoreceptors are stained with anti-Elav ([A], blue in [C]) and
R8 is stained with anti-Sens ([B], red in [C]). Although R8 develops
almost normally in the absence of rasp, few other photoreceptors
are recruited.
(D) ptcS2 mutant clones marked by the lack of GFP (green); Elav is
stained in magenta. Ectopic photoreceptor clusters differentiate in
and around the ptc clone.
(E and F)ptcS2 mutant clones marked by the lack of GFP (green) gen-
erated in raspT392/raspT802 eye discs. Sens (red in [F]) labels R8 cells
and Elav (magenta in [E], blue in [F]) labels all photoreceptors. The
ptc clones contain predominantly single Sens-expressing cells.
(G–I) raspT392 clones marked by the absence of GFP (green in [I])
generated in an argosD7mutant eye disc. Photoreceptors are stained
with anti-Elav ([G], blue in [I]) and R8 is stained with anti-Sens ([H],
red in [I]). Recruitment of R1–R7 to ommatidia containing an R8
cell is not rescued in the absence of argos.
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169Figure 2. rasp Acts in Multiple EGFR-Depen-
dent Processes
(A and B) Third instar wing discs stained with
anti-b-galactosidase reflecting argos-lacZ
expression in green, and with anti-Sens in
magenta.
(A) Wild-type.
(B) raspT392/raspT802. argos is not expressed
in the wing vein primordia in the absence of
rasp, although Wg-dependent Sens expres-
sion is normal.
(C) An adult wing containing unmarked
raspT392 mutant clones. Part of vein 2 is miss-
ing (arrow).
(D and E) Wing discs expressing mirr-lacZ
stained with X-gal.
(D) Wild-type.
(E) raspT392/raspT802. mirr, a Vein target gene, is expressed normally in the absence of rasp.
(F–H) Wild-type embryos.
(I and K) Embryos derived from raspT802 germline clones.
(J) Embryo derived from raspT392 germline clone.
(F and I) These carry argos-lacZ and are stained with anti-b-galactosidase. argos is not expressed in the absence of rasp.
(G and J) Stained for Fasciclin III; striped expression at the ventral midline (arrow, [G]) is absent in rasp mutant embryos. The two dorsal append-
ages of the chorion (arrow, [H]) are fused when rasp is missing from the germline (K).(Schupbach, 1987). Ventralization was consistently ob-
served when the oocyte, but not the responding follicle
cells, was mutant for rasp, placing the function of rasp
within the ligand-producing cell and suggesting that it
may be required for the activity of multiple EGFR ligands.
Rasp Acts Downstream of Spi Processing
and Upstream of EGFR Activation
To locate the point at which Rasp functions within the
EGFR pathway, we tested whether photoreceptor differ-
entiation could be restored to rasp mutant eye discs by
activating other components of the pathway. Spi is pro-
duced as an inactive transmembrane precursor that is
chaperoned to the Golgi by Star, where it is cleaved in
its transmembrane domain by the protease Rhomboid
(Rho), allowing secretion of the biologically active extra-
cellular domain (Lee et al., 2001b; Tsruya et al., 2002). As
Spi is expressed ubiquitously (Rutledge et al., 1992), the
distribution of Rho, in the presence of sufficient Star,
controls the production of active ligand. Misexpression
of Star and Rho together resulted in ectopic photore-
ceptor differentiation in wild-type eye discs (Figures 3A
and 3B), but had no effect on raspmutant eye discs (Fig-
ures 3C and 3D). Similarly, a truncated form of Spi thatis constitutively secreted (sSpi) (Schweitzer et al., 1995)
induced photoreceptor differentiation in a wild-type
background, but its activity was greatly reduced in the
absence of rasp (Figures 3E–3H). However, photorecep-
tor differentiation could be induced in rasp mutant eye
discs by expressing an activated form of the EGFR
(Queenan et al., 1997) (Figures 3I and 3J). These results
place the requirement for rasp downstream of Rho and
upstream of the EGFR, and suggest that the most likely
target for Rasp activity is Spi itself.
Rasp Induces Spi Palmitoylation in Cultured Cells
If the Spi protein is modified by the Rasp acyltransfer-
ase, its extracellular domain should be more hydropho-
bic than predicted from its amino acid sequence. We
used Triton X-114 phase separation (Bordier, 1981) to
assess the hydrophobicity of sSpi, which lacks the trans-
membrane domain, in Drosophila S2 cells, which have
been shown to express rasp (Chamoun et al., 2001).
Lysates of cells transfected with sSpi were extracted
with Triton X-114, and the aqueous and Triton phases
were blotted with Spi antibody. The hydrophilic protein
proliferating cell nuclear antigen (PCNA) and a myris-
toylated form of green fluorescent protein (GAP-GFP)Figure 3. rasp Is Required for Spi Activity Up-
stream of the EGFR
All panels show third instar eye discs with an-
terior to the left. Clones of cells misexpress-
ing Star and Rho (A–D), sSpi (E–H), or acti-
vated EGFR (I and J) are positively marked
by coexpression of b-galactosidase (green
in [A], [C], [G], and [I]) or GFP (green in [E]).
Elav is stained in magenta (A, C, E, G, and I)
and shown alone (B, D, F, H, and J).
(A, B, E, and F) Wild-type eye discs.
(C, D, and G–J) raspT392/raspT802 eye discs.
In rasp mutant eye discs, photoreceptor dif-
ferentiation cannot be induced by Star and
Rhomboid or by sSpi, but it can be induced
by activated EGFR.
Developmental Cell
170Figure 4. Rasp Promotes Palmitoylation of
the N-Terminal Cysteine of Spi
(A) Triton X-114 phase separation of lysates
of S2 cells transfected with GAP-GFP and
with sSpi or sSpiCS as indicated (left panel)
or of S2 cells transfected with sSpi and
treated with double-stranded RNA homolo-
gous to kohtalo (control RNAi) or rasp (right
panel). Western blots with anti-Spi, anti-
PCNA, and anti-GFP are shown. I, input; A,
aqueous phase; T, Triton X-114 phase. sSpi
partitions into the detergent phase, while
sSpiCS partitions into the aqueous phase.
Reducing rasp levels increases the propor-
tion of sSpi partitioning into the aqueous
phase. A 64% reduction of rasp RNA was ob-
served in this experiment using RT-PCR to
measure rasp levels (not shown).
(B) Extracts from COS cells transfected with
sSpi-GFP, sSpiCS-GFP, wild-type HA-tagged
Rasp, or HA-RaspH381A as indicated, and
labeled with [125I]IC16. The upper gel is an
autoradiograph of anti-GFP immunoprecipi-
tates. The lower gels show Western blots of the same extracts with anti-GFP and anti-HA. Only wild-type sSpi incorporates labeled palmitate,
and labeling is observed only in the presence of wild-type Rasp.
(C) Extracts from untransfected S2 cells or S2 cells transfected with sSpi-GFP or sSpiCS-GFP as indicated, and labeled with [125I]IC16. The upper
gel is an autoradiograph of anti-GFP immunoprecipitates, and the lower gel is a Western blot of the same extracts with anti-GFP. Labeled palmi-
tate can be incorporated into wild-type sSpi but not sSpiCS in S2 cells.
(D) Western blots of Spi in lysates (L), media (M), and 20-fold concentrated media (CM) from S2 cells transfected with Star, Rhomboid, and either
mSpi or mSpiCS (upper panel) or from S2 cells transfected with either sSpi or sSpiCS (lower panel). Under conditions of low Star expression, in
which very little secreted wild-type Spi can be detected, mSpiCS is efficiently cleaved and recovered from the media. Increasing volumes of
lysates (10 and 20 ml) and media (5, 10, and 20 ml) containing sSpi or sSpiCS were loaded to show that approximately 4-fold more sSpiCS than
sSpi is present in the media. Blots of cotransfected GFP in the lysates demonstrated equivalent transfection efficiencies for wild-type and mutant
Spi (not shown).(Ritzenthaler et al., 2000) were used as controls for the
fractionation. sSpi partitioned predominantly into the
Triton layer (Figure 4A), appearing more hydrophobic
than myristoylated GFP. Reducing the levels of Rasp in
S2 cells by RNA interference increased the proportion
of Spi that partitioned into the aqueous layer (Figure 4A),
indicating that Rasp is required for Spi hydrophobicity.
To confirm that its hydrophobicity was due to acyla-
tion, we transfected COS cells with a GFP-tagged sSpi
protein (Tsruya et al., 2002), with or without cotransfec-
tion of HA-tagged Rasp. The cells were labeled with
[125I]IC16, a radio-iodinated palmitate analog (Alland
et al., 1994), and lysates were immunoprecipitated with
anti-GFP antibody. Radiolabeled palmitate was incor-
porated into sSpi-GFP only in the presence of Rasp (Fig-
ure 4B), confirming that Spi is palmitoylated in a Rasp-
dependent manner. Mutation of the active site histidine
of Rasp to alanine (Chamoun et al., 2001) rendered it un-
able to promote incorporation of labeled palmitate into
Spi (Figure 4B), supporting the model that Rasp itself
is the acyltransferase for Spi. In Drosophila S2 cells, we
were able to detect [125I]IC16 incorporation into sSpi-
GFP even in the absence of cotransfected Rasp (Fig-
ure 4C), suggesting that endogenous Rasp is sufficient
for Spi palmitoylation and that this modification is the
likely cause of its hydrophobicity.
The Palmitoylated Cysteine Is Essential
for Spi Function
Rasp promotes palmitoylation of Hh on the N-terminal
cysteine of the secreted signaling domain (Chamoun
et al., 2001; Lee et al., 2001a; Pepinsky et al., 1998).
The amino acid immediately following the signal peptideof Spi is also a cysteine, and all the other cysteine resi-
dues in the extracellular domain are predicted to be in-
volved in disulfide bonds in the EGF repeat. We mutated
this N-terminal cysteine (C29) to serine, a change that
has been shown to abolish Hh palmitoylation (Pepinsky
et al., 1998). This mutant form of Spi (sSpiCS) partitioned
entirely into the aqueous phase in Triton X-114 fraction-
ation (Figure 4A), and did not incorporate labeled palmi-
tate in COS cells expressing Rasp (Figure 4B) or in S2
cells (Figure 4C). The N-terminal cysteine is thus essen-
tial for Spi palmitoylation and is likely to be the site of
palmitate attachment. To test the importance of this res-
idue for Spi function in vivo, we generated a full-length
Spi transgene in which cysteine 29 was mutated to ser-
ine (mSpiCS). When expressed ubiquitously, wild-type
full-length Spi (mSpi) completely rescued the lethality
of spi mutations; however, mSpiCS had no rescuing ac-
tivity (Table 1). Both proteins were expressed at similar
levels and were equally stable in vivo (Figures 5A–5C).
We also tested the ability of mSpiCS to rescue photo-
receptor differentiation in spi mutant clones. Whereas
spi clones expressing wild-type mSpi differentiated nor-
mally, spi clones expressing mSpiCS were indistin-
guishable from spi clones with no rescue construct (Fig-
ures 5D–5I). Taken together with the rasp mutant
phenotype, these results indicate that palmitoylation is
essential for Spi activity in vivo.
Palmitoylation Restricts Spi Movement
We considered several possible mechanisms by which
palmitoylation might affect Spi function. First, palmitoy-
lation could be required for Spi secretion; palmitoylation
of Wg has been shown to target the protein to lipid rafts
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et al., 2004). In contrast, mouse Shh does not require
palmitoylation for either lipid raft targeting or secretion
(Chen et al., 2004). We found that mSpiCS could be
cleaved in and secreted from S2 cells cotransfected with
Star and Rho (Figure 4D). This agrees with previous find-
ings that COS cells transfected with Star and Rho are
able to cleave and secrete Spi (Lee et al., 2001b), despite
the lack of Spi palmitoylation in these cells (Figure 4B).
A second possibility is that palmitoylation could be re-
quired for binding to the EGFR or for its activation. How-
ever, we found that sSpiCS purified from transfected S2
cells bound to immobilized EGFR and induced its auto-
phosphorylation as effectively as wild-type sSpi (see
Figures S1A and S1C in the Supplemental Data available
with this article online). This is not surprising, as binding
to the EGFR has been shown to require only the EGF do-
main of Spitz (Klein et al., 2004), which is distant from the
N-terminal palmitate modification.
A third possibility is that palmitoylation might regulate
Spi transport in vivo. Palmitoylation is required for Shh
to form a multimeric complex that has a longer range
of movement in vivo than monomeric Shh (Chen et al.,
2004). However, sSpi induces photoreceptor differentia-
tion only in immediately adjacent cells, suggesting that
it does not act over a long range in vivo (Figures 3E
and 3F). Our data suggest the opposite hypothesis, that
palmitoylation restricts Spi movement. We found that
wild-type sSpi was less efficiently recovered from S2
cell culture media than sSpiCS, both when derived from
full-length Spi coexpressed with Star and Rho and when
expressed as the truncated form (Figure 4D). These re-
sults suggest that palmitoylated sSpi is primarily cell as-
sociated. To confirm this, we stained live S2 cells ex-
pressing His-tagged sSpi or sSpiCS with an antibody
to the C-terminal epitope tag. Strong plasma membrane
staining was observed for wild-type sSpi, whereas very
little sSpiCS was present at the membrane (Figures 6A
and 6B). Staining of permeabilized cells revealed similar
expression levels for the two proteins (Figures 6C and
6D), suggesting that most sSpiCS is released into the
culture medium. Palmitoylation appears to have the
sameeffect onSpi distribution invivo. GFP-tagged forms
of sSpi (Schlesinger et al., 2004) or mSpi (Tsruya et al.,
2002) coexpressed with Star and Rho were tightly local-
ized to the cells expressing them in wild-type eye discs,
but in raspmutant eye discs, GFP was visible on particles
distant from the expressing cells (Figures 6E–6H).
The long-range distribution of nonpalmitoylated sSpi
correlated with an increase in the range of its activity
Table 1. The N-Terminal Cysteine of Spi Is Essential for Its
Function In Vivo
Genotype % Survival (n)
spi1/spiSC1 0 (125)
spi1/spiSC1; UAS-mSpi; da-Gal4 107 (169)
spi1/spiSC1; UAS-mSpiCST7; da-Gal4 0 (186)
spi1/spiSC1; UAS-mSpiCST13; da-Gal4 0 (167)
Percentage survival is calculated based on the number of adult flies
carrying the balancer chromosome; the expected survival rate is half
this number. Total number of flies counted is given in parentheses.
T7 and T13 are two independent insertions of the UAS-mSpiCS
transgene.in vivo. When expressed with vestigial (vg)-GAL4 in a
stripe at the dorsal-ventral boundary of the wing disc,
wild-type sSpi induced a narrow stripe of expression of
the target gene argos-lacZ at the presumptive wing mar-
gin (Figure 6I). However, sSpiCS expressed in the same
pattern was able to induce argos-lacZ in a much broader
domain (Figures 6M–6O). Several transgenic lines were
tested for each construct, and these gave different in-
tensities but similar patterns of argos-lacZ expression
(Figure 6 and data not shown). In order to directly com-
pare the activity of sSpi expressed at equal levels with
and without a palmitate modification, we expressed
the same sSpi transgene in wild-type and rasp mutant
discs. In the absence of rasp, induction of argos was
weaker but longer range than in wild-type wing discs
(Figure 6J). This was not due to an effect of the rasp mu-
tation on vg-GAL4 expression, as an activated Ras
transgene (Karim and Rubin, 1998) induced a similar in-
tensity and range of argos-lacZ expression in wild-type
and rasp mutant wing discs (Figures 6K and 6L).
We observed the same difference in range when sSpi
and sSpiCS were expressed in segmentally repeated
stripes in embryos using engrailed (en)-GAL4. Activation
Figure 5. mSpi and mSpiCS Are Equivalently Expressed In Vivo, but
mSpiCS Is Unable to Rescue spi Mutant Phenotypes
(A–C) Wing discs stained with anti-Spi antibody (green).
(A) ap-GAL4/UAS-mSpi.
(B) ap-GAL4/UAS-mSpiCST7.
(C) ap-GAL4/UAS-mSpiCST13.
ap-GAL4 drives expression in the dorsal compartment of the wing
disc.
(D–F) Eye discs stained with anti-Elav (magenta); clones are posi-
tively labeled with GFP (green). Elav staining is shown alone in (G–I).
(D and G) spiSC1 clones.
(E and H) spiSC1 clones expressing UAS-mSpi.
(F and I) spiSC1 clones expressing UAS-mSpiCST13.
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and those immediately adjacent to them, whereas
sSpiCS induced a lower level of argos-lacZ expression
that extended to cells distant from the en stripes (Fig-
ures S2A–S2D). The reduced activity of sSpiCS was also
apparent from the reduced dorsal expansion of denticle
belts on the cuticles of embryos expressing sSpiCS
compared to those expressing sSpi (data not shown).
In eye discs, both sSpi expressed in clones of rasp mu-
tant cells and sSpiCS expressed in clones of wild-type
cells produced a long-range inhibition of photoreceptor
differentiation (Figures S2E–S2H), rather than inducing
ectopic photoreceptors like wild-type sSpi (Figures 3E
and 3F). This was probably due to induction of argos
expression (Figures S2G and S2H), which then inhibited
Figure 6. Palmitoylation Promotes Membrane Association of Spi,
Increasing Its Activity but Reducing Its Range
(A–D) S2 cells stained with anti-His antibody. (A) and (B) are stained
live, while (C) and (D) are fixed and permeabilized. (A) and (C) are
transfected with His-tagged sSpi and (B) and (D) with His-tagged
sSpiCS. Plasma membrane association is abolished by the C29S
mutation, while the intracellular distribution is not affected.
(E–H) Eye-antennal discs with clones expressing sSpiGFP (E and F)
or mSpiGFP, Star, and Rho (G and H).
(E and G) Wild-type.
(F and H) raspT392/raspT802.
GFP visualized in unfixed discs is present on particles distant from
the clones in rasp mutant discs but not in wild-type discs.
(I–P) X-gal-stained wing discs expressing argos-lacZ. vg-GAL4
drives the expression of UAS-sSpi (I and J), RasV12 (K and L), sSpiCS
line T15 (M), sSpiCS line T22 (N), or sSpiCS line T8 (O and P). Discs
are wild-type (I, K, and M–O), raspT392/raspT802 (J and L), or argosD7/
argosW11 (P). Wild-type discs were stained in parallel with rasp mu-
tant or argos mutant discs. Loss of rasp or mutation of Spi C29 re-
duces the intensity but increases the range of argos expression.
RasV12 activates argos in a localized pattern in rasp mutant wing
discs. Removal of argos enhances the activity of sSpiCS.photoreceptor differentiation in surrounding cells. A
similar phenotype seen in the Ellipse mutant allele of
the EGFR has been attributed to a reduced level of activ-
ity sufficient to activate argos but not to induce photo-
receptor differentiation (Lesokhin et al., 1999). The com-
bination of reduced biological activity and increased
range of action of unpalmitoylated Spi suggests that the
primary role of palmitoylation is to concentrate Spi close
to its site of production.
Local concentration of Spi might be necessary to allow
it to exceed the concentration of Argos, a secreted inhib-
itor that binds and sequesters Spi (Klein et al., 2004). In-
deed, the activity of sSpiCS in the wing disc was en-
hanced when we removed the remaining wild-type
copy of argos (Figure 6P). However, when we generated
raspmutant clones in eye discs homozygous for a null al-
lele of argos, we found that R1–R7 photoreceptors were
still not recruited to ommatidia in which R8 differentiated
normally (Figures 1G–1I). Removing wild-type argos also
failed to restore normal argos-lacZ expression to rasp
mutant wing discs (data not shown). These results show
that rasp is necessary for Spi-dependent processes even
in the absence of argos. EGFR activation sufficient for
target gene expression invivo is therefore likely to require
a threshold Spi concentration that is achieved through
palmitoylation-mediated restriction of Spi diffusion.
Discussion
Rasp Is Required to Palmitoylate Two
Secreted Ligands
We have shown that the acyltransferase Rasp promotes
palmitoylation of the EGFR ligand Spi in addition to its
previously reported substrate Hh. rasp mutants show
phenotypes similar to spi mutants, and rasp is required
for the activity of ectopic sSpi produced either by cleav-
age of endogenous Spi or by expression of a truncated
protein. Rasp is also necessary for the hydrophobic
character of Spi expressed in S2 cells. Palmitoylation of
Spi by Rasp can be reproduced in COS cells, which do
not contain any endogenous Spi palmitoyltransferase
activity; either these cells do not express a Rasp homo-
log, or it is too divergent to recognize Drosophila Spi.
Mutation of the predicted active site histidine of Rasp
blocks palmitate incorporation into Spi, suggesting that
Spi may be a direct target of Rasp. However, we cannot
exclude the possibility that other proteins present within
COS cells contribute to the acyltransferase activity.
The basis for substrate recognition by Rasp is not ob-
vious. There is little sequence homology between Hh
and Spi following the palmitoylated cysteine, although
both proteins have several basic amino acids in the vi-
cinity (Figure S3A); basic amino acids follow the palmi-
toylation site of some classes of intracellular proteins
(Bijlmakers and Marsh, 2003). Myc-tagged Skn, the
mouse homolog of Rasp, was reported to localize to the
endoplasmic reticulum (ER) in CHO cells (Chen et al.,
2004); in S2 cells, we have seen colocalization of HA-
Rasp with markers of the Golgi apparatus (data not
shown). If Hh and Spi are palmitoylated in the same cel-
lular compartment, they later follow different paths; Hh
is released from the cell through the activity of the mem-
brane protein Dispatched (Burke et al., 1999), whereas
Spi requires Star for export from the ER and is then
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Tsruya et al., 2002). Because sSpi can be palmitoylated,
cleavage by Rho is not a prerequisite for palmitoylation.
However, the effect of palmitoylation on secretion is
more dramatic for full-length Spi than for sSpi (Fig-
ure 4D), suggesting that palmitoylation may be more
efficient when Spi undergoes its normal processing.
Grk and Krn, but Not Vein, Are Likely
Targets for Rasp
rasp is also required for processes mediated by EGFR
ligands other than Spi (Figure 2). The observation that
lack of rasp in the germline causes ventralization of the
follicle cells (Figure 2K) suggests that Grk might be pal-
mitoylated. Consistent with this possibility, we have ob-
served that the extracellular domain of Grk also fraction-
ates into the Triton X-114 layer when expressed in S2
cells, although to a lesser extent than Spi (Figure S3B).
The rasp phenotype is relatively mild compared to loss
of grk (Schupbach, 1987), suggesting that Grk has a
less stringent requirement for palmitoylation than Spi.
Wing vein development, which is affected in rasp mu-
tants (Figures 2A–2C), requires both Rho and Vein, but
not Spi (Guichard et al., 1999). As Vein is not synthesized
as a transmembrane precursor, the requirement for Rho
may suggest the involvement of Krn, a ligand closely re-
lated to Spi (Reich and Shilo, 2002). Grk and Krn have
cysteine residues immediately following the signal pep-
tide, making them likely substrates for Rasp, but Vein
does not (Figure S3A), consistent with the observation
that rasp is not required for the expression of the Vein
target gene mirr. It is unclear whether vertebrate EGFR
ligands undergo a similar palmitoylation, as none of
the known ligands has an N-terminal cysteine residue;
TGF-a is palmitoylated on two cysteines in the cytoplas-
mic domain of the transmembrane precursor, but this
is likely to involve a different mechanism (Shum et al.,
1996). It will be interesting to determine whether EGFR
signaling is affected in mice mutant for the rasp homolog
Skn (Chen et al., 2004).
Palmitoylation Increases the Local
Concentration of Spi
We have found that both the acyltransferase Rasp and
cysteine 29 are essential for the activity in vivo of endog-
enous or overexpressed full-length Spi, and significantly
enhance the activity of overexpressed truncated Spi. By
contrast, in vitro studies with sSpiCS clearly argue that
loss of palmitoylation has no effect on EGFR binding
or activation, or on Argos binding (Figure S1). Thus, it
is likely that palmitoylation defines biologically critical
spatial or temporal aspects of Spi distribution, rather
than affecting its inherent binding properties. Indeed,
mutating cysteine 29 in either full-length or truncated
Spi allows greater recovery of secreted Spi from cell cul-
ture media. In addition, wild-type tagged sSpi shows
strong membrane localization both in S2 cells and in
imaginal discs, while unpalmitoylated sSpi is not mem-
brane associated in S2 cells and can reach and act on
distant cells in vivo. We therefore suggest that palmitoy-
lation is required to maintain a high local concentration
of Spi, perhaps by directly tethering Spi to the plasma
membrane or allowing it to form a complex with other
factors that restrict its diffusion (Figure 7).Palmitoylation might have additional effects on Spi
signaling; its strong effect on secretion of mSpi could
be partially due to an inhibitory effect on Spi cleavage,
although this would be unlikely to lead to increased Spi
activity. It is also possible that palmitoylation contrib-
utes to endocytosis and recycling of Spi, a mechanism
that has been reported to enhance Wg signaling (Pfeiffer
et al., 2002). Palmitoylation is unlikely to affect ER reten-
tion of sSpi, as this occurs in both COS cells and S2 cells
(Schlesinger et al., 2004; Urban et al., 2002). In addition,
we have not observed any effect of palmitoylation on the
intracellular distribution of tagged sSpi in S2 or COS
cells (Figure 6 and data not shown).
Spi acts as a short-range signal in vivo, in part due to
its induction of the secreted feedback inhibitor Argos
(Freeman, 1997). Palmitoylation of Spi does not affect
its binding to Argos (Figure S1B), as expected because
this binding is mediated by the EGF domain of Spi (Klein
et al., 2004). In addition, we have found that rasp is re-
quired for Spi function even in the complete absence
of argos. We therefore suggest that a high concentration
of Spi is necessary simply to reach the level of EGFR ac-
tivation required for biological function, irrespective of
the presence of Argos. Our results suggest that palmi-
toylation is the mechanism used to achieve this local ac-
cumulation of Spi.
Different Roles for Palmitoylation
of Secreted Ligands
Although Hh, Wg, and Spi all carry palmitate modifica-
tions essential for their function, palmitoylation appears
to have different effects on each molecule. Wg, though
not Wnt3a, requires palmitoylation for its secretion (Ka-
dowaki et al., 1996; Willert et al., 2003; Zhai et al., 2004).
Shh requires palmitoylation for incorporation into a lipo-
protein complex that enhances its transport; Wg is also
found in a similar complex (Chen et al., 2004; Panakova
Figure 7. Model for the Effect of Palmitoylation on Spi Signaling
Palmitoylation of Spi by Rasp in the secretory pathway may promote
its tethering to the plasma membrane following Rho-mediated
cleavage. This would increase its concentration close to the Spi-
producing cells, allowing it to activate the EGFR either in its mem-
brane-bound state, as shown, or following release. Unpalmitoylated
Spi would diffuse away and would not reach the threshold concen-
tration required for activation. Argos would reduce the effective con-
centration of both palmitoylated and unpalmitoylated Spi. On the
right is a representation of the gradients formed by palmitoylated
and unpalmitoylated Spi.
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toylation enhances Hh activity in assays that do not
require transport (Chamoun et al., 2001; Chen et al.,
2004). We note that sSpiCS does not show the domi-
nant-negative effects described for HhC84S (Chamoun
et al., 2001; Lee et al., 2001a), suggesting that palmitoy-
lation does not affect Spi activity in the same way.
Palmitoylation of intracellular proteins frequently pro-
motes membrane association, though it usually does so
in conjunction with a second lipid modification (Bijl-
makers and Marsh, 2003). This raises the possibility that
palmitoylated Spi is associated with the plasma mem-
brane, rather than binding to lipoprotein particles like
those that transport Hh and Wg. If so, it will be interesting
to learn whether membrane-tethered sSpi can directly
bind the EGFR. Full-length transmembrane Spi, in which
the EGF domain is adjacent to the membrane, is inactive
in the absence of Rhomboid, but membrane association
of sSpi through its N-terminal palmitate group would
place the EGF domain at a distance from the membrane.
If membrane-bound Spi cannot activate the EGFR, Spi
may be released from the membrane by depalmitoyla-
tion. Cycles of palmitoylation and depalmitoylation
have been shown to regulate the intracellular localiza-
tion of Ras (Rocks et al., 2005). However, the N-terminal
palmitate modification is likely to form a stable amide
linkage as in Hh (Pepinsky et al., 1998), rather than a
labile thioester bond. Alternatively, release of Spi could
be accomplished by proteolytic processing. Interest-
ingly, we have found that the sequence of wild-type
sSpi released into the media from S2 cells begins at me-
thionine 45, whereas sSpiCS begins with the serine at
position 29, immediately after the signal peptide (data
not shown).
Our observation that palmitoylation of Spi is essential
in vivo extends the importance of this modification of ex-
tracellular secreted proteins to a third class of ligands.
However, its function appears to vary between different
molecules and across species. Further study of mem-
brane-bound palmitoyltransferases and their substrates
is likely to yield new insights into the regulation of ligand
secretion, transport, and activity.
Experimental Procedures
Fly Stocks and Genetics
Stocks used were raspT392, raspT802, ptcS2, aosW11, aosD7, mirrcre2,
UAS-Star, UAS-rho, UASp-sSpi, UAS-EGFRltop, UAS-mspi, UAS-
sSpiGFP, UAS-mSpiGFP, UAS-rasV12, da-GAL4, apterous (ap)-
GAL4, en-GAL4, and vg-GAL4 (all described in Flybase). Figures
1A–1C were generated by crossing FRT80, raspT392/TM6B to
eyFLP1; FRT80, Ubi-GFP/TM6B. Figure 1D was generated by cross-
ing FRT42, ptcS2/SM6-TM6B to eyFLP1; FRT42, Ubi-GFP. Figures
1E and 1F were generated by crossing FRT42, ptcS2; raspT392/
SM6-TM6B to eyFLP1; FRT42, Ubi-GFP; raspT802/SM6-TM6B. Fig-
ures 1G–1I were generated by crossing eyFLP1; FRT80, raspT392,
aosD7/TM6B to FRT80, aosD7, Ubi-GFP/TM6B. Germline clones
were made by crossing hsFLP122/Y; FRT2A, P(ovoD)/TM3 to
FRT2A, rasp/TM6B and heat shocking first and second instar larvae
1 hr at 38ºC. The resulting hsFLP122; FRT2A, rasp/FRT2A, P(ovoD)
females were crossed to rasp, aos-lacZ/TM6B males. Dorsal ap-
pendage fusion was observed in all eggs derived from rasp germline
clones, making it very unlikely to result from clones in the follicle
cells. Figures 3A–3D and 3G–3J and Figures 6E–6H were generated
by crossing raspT392 (UAS-Star); UAS-rho (or UASp-sSpi or UAS-
EGFRltop or UAS-sSpiGFP or UAS-rho, UAS-mSpiGFP)/SM6-
TM6B to hsFLP122, act>CD2>GAL4; raspT802, UAS-lacZ/TM6Band heat shocking first and second instar larvae 1 hr at 38ºC. Figures
3E and 3F and Figures S2E–S2H were generated by crossing FRT80,
aos-lacZ (raspT392); UASp-sSpi (or UAS-sSpiCS)/SM6-TM6B to
eyFLP or hsFLP, UAS-GFP; Tub-GAL4; FRT80, Tub-GAL80. Figures
5D–5I were generated by crossing FRT40, spiSC1; (UAS-mSpi or
UAS-mSpiCS)/SM6-TM6B to hsFLP122, UAS-GFP; FRT40, Tub-
GAL80; Tub-GAL4/TM6B and heat shocking first and second instar
larvae 1 hr at 38ºC. Figures 6J and 6L were generated by crossing
vg-GAL4; raspT802/SM6-TM6B to aos-lacZ, raspT392; UASp-sSpi or
UAS-rasV12/SM6-TM6B.
Antibodies, Immunohistochemistry, and Western Blotting
Staining of eye and wing discs and embryos was performed as de-
scribed (Lee and Treisman, 2001). Antibodies used were rat anti-
Elav (1:50; Developmental Studies Hybridoma Bank, Iowa City, IA),
guinea pig anti-Sens (1:1000) (Frankfort et al., 2001), mouse anti-
En (1:1; Developmental Studies Hybridoma Bank), and rabbit anti-
b-galactosidase (1:5000; Cappel, Irvine, CA). sSpiGFP and mSpiGFP
distribution were viewed in unfixed eye-antennal discs that were dis-
sected, mounted in 80% glycerol/0.1 M phosphate buffer (pH 7.2),
and scanned shortly thereafter. For S2 cell staining, untransfected
S2 cells and S2 cells expressing sSpi or sSpiCS were induced
with 0.5 mM CuSO4 for 16 hr. Cells were washed with phosphate-
buffered saline (PBS) and immobilized on poly-L-lysine-treated cov-
erslips. Control cells were fixed with 1.8% formaldehyde for 10 min
and permeabilized with 0.1% saponin (included with the antibody).
Cells were incubated with anti C-terminal His antibody (Invitrogen,
Carlsbad, CA) at 1:1000 with 1% BSA for 1 hr at room temperature,
washed with PBS, and incubated with goat anti-mouse Alexa488
(Molecular Probes, Carlsbad, CA) at 1:500 with 1% BSA for 1 hr at
room temperature. Images were obtained using a Leica (Wetzlar,
Germany) DM IRBE microscope. For Western blotting, lysates and
media were heated to 95ºC for 5 min and loaded onto a 15% SDS-
PAGE gel. Gels were transferred to a nitrocellulose membrane
(Bio-Rad, Hercules, CA) and blocked overnight with TBST (20 mM
Tris [pH 7.6], 137 mM NaCl, 0.2% Tween-20) supplemented with
10% low-fat milk. Membranes were incubated with TBST with 10%
milk supplemented with antibodies for 1 hr at room temperature.
Blots were washed with TBST for 1 hr and incubated with horseradish
peroxidase-conjugated secondary antibodies (1:2000; Jackson Im-
munoresearch, West Grove, PA or Amersham, Piscataway, NJ) for
another hour. Blots were developed with enhanced chemilumines-
cence (Pierce, Rockford, IL or Amersham). Antibodies used were
rat anti-Spi (1:100) (Schweitzer et al., 1995), mouse anti-Grk (1:50)
(Ghiglione et al., 2002), mouse anti-PCNA (Novus Biologicals, Little-
ton, CO), mouse anti-GFP (1:1000; Roche, Indianapolis, IN or Santa
Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-HA (1:1000;
Santa Cruz).
Constructs and Transfections
UAS-sSpiCS was generated by PCR, introducing the C29S mutation
and a stop codon at K133. The fragment containing the C29S muta-
tion was subsequently transferred into pcDNA-sSpiGFP (made by
cloning the GFP-tagged sSpi of Tsruya et al. (2002) into pcDNA3.1
and into UAS-mSpi (Lee et al., 2001b). pcDNA-HARasp was made
by PCR, adding an HA epitope tag to the C-terminal end of Rasp.
UAS-HArasp, which contained the same tag, was able to rescue rasp
lethality and photoreceptor development in rasp mutant eye discs
(data not shown). Transgenic flies (UAS-mSpiCS, UAS-sSpiCS,
and UAS-HArasp) were made by standard methods. UAS-sGrk was
kindly provided by Erika Bach. pcDNA-HARaspH381A was made
using the QuikChange kit (Stratagene, La Jolla, CA) with pcDNA-
HARasp as a template and the following primers, 50-GCCTTTGT
GTTCGTCTGGGCAGGATGCTACACCTATGTG-30, 50-CACATAGGTG
TAGCATCCTGCCCAGACGAACACAAAGGC-30. S2 cells were main-
tained in Schneider’s medium (GIBCO, Carlsbad, CA) supplemented
with 10% fetal calf serum. Cells were transfected with Effectene
(Qiagen, Valencia, CA) according to the manufacturer’s instructions.
All UAS plasmids were cotransfected with actin-GAL4. For protein
purification, sSpi and sSpiC25S (residues 1–128) were cloned into
the pMT/V5-His vector (Invitrogen) and stably cotransfected into S2
cells with pCoHygro, following the manufacturer’s instructions. Pro-
tein production was induced with 0.5 mM CuSO4, and protein purifi-
cations were carried out as described (Klein et al., 2004).
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dium (DMEM) supplemented with 10% fetal bovine serum. Cells
were transfected with Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. Introduction of dsRNA into S2 cells
was performed as described (Clemens et al., 2000). S2 cells were
transfected 48 hr after introduction of dsRNA and were harvested
after an additional 48 hr and processed for Triton X-114 separation.
RNA was isolated by Trizol extraction and cDNA synthesis was per-
formed using the Superscript First Strand Synthesis system for RT-
PCR (Invitrogen). Actin 5C was used as a control for the RT-PCR.
rasp dsRNA spans a 660 bp region covering amino acids 281–500.
Control dsRNA was homologous to the mediator complex subunit
gene kohtalo. dsRNA was synthesized using the T3 Megascript kit
(Ambion, Austin, TX).
Triton X-114 Phase Separation
Cells were harvested after 48 hr and lysed in 50 mM Tris-HCl (pH 8),
150 mM NaCl, 1% Triton X-114. Phase separation was performed
as described (Bordier, 1981). Equal volumes of each phase and the
input were immunoblotted with anti-Spi, anti-GFP, and anti-PCNA
antibodies.
mSpi Cleavage Assay
S2 cells were transfected with actin-GAL4, UAS-GFP, UAS-mSpi, or
UAS-mSpiCS together with pRmHaStar and pRmHaRho (Lee et al.,
2001b). Twenty-four hours after transfection, cells were placed in se-
rum-free media containing 500 mM CuSO4 for 72 hr. Cells and media
were processed as described (Tsruya et al., 2002), and 1 ml of media
was concentrated 20-fold using Centricon columns (Millipore, Biller-
ica, MA). Figure 4D shows 40 ml of lysates, 50 ml of media, and 25 ml of
concentrated media.
Palmitate Labeling
COS-1 cells or S2 cells expressing sSpi-GFP and HARasp con-
structs were starved for 1 hr in DMEM containing 2% dialyzed fetal
bovine serum, followed by incubation with 10–20 mCi/ml [125I]IC16,
a radio-iodinated palmitate analog, for 4 hr at 37ºC. The cells were
then washed two times with 5 ml of ice-cold STE (100 mM NaCl,
10 mM Tris, 1 mM EDTA [pH 7.4]) and lysed in 500 ml of RIPA buffer
(150 mM NaCl, 50 mM Tris [pH 7.4], 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA). Cell lysates were clarified
by ultracentrifugation at 100,000 3 g for 15 min in a T100.2 rotor
(Beckman, Fullerton, CA). The levels of sSpi-GFP and HARasp in
the total cell lysates were determined by SDS-PAGE and Western
blot analysis. Immunoprecipitation of sSpi-GFP and sSpiCS-GFP
was performed as follows. Clarified lysate was incubated with 5 ml
of rabbit anti-GFP (Santa Cruz) and 50 ml of protein A/G+ agarose
beads (Santa Cruz) at 4ºC for 16 hr in RIPA buffer. After incubation
the beads were collected by centrifugation at 10003 g and washed
two times in 500 ml of fresh RIPA buffer. Final bead pellets were re-
suspended in 40 ml of 23 sample buffer without DTT or b-mercaptoe-
thanol. Immunoprecipitated samples were run on a 12.5% SDS-
PAGE gel, dried, and exposed by phosphorimaging for 4–7 days.
Screens were analyzed on a Storm 840 phosphorimager (Molecular
Dynamics, Piscataway, NJ). Labelings were performed in duplicate
and repeated three times.
Supplemental Data
Supplemental Data include three figures and are available at http://
www.developmentalcell.com/cgi/content/full/10/2/167/DC1/.
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